We implemented molecular dynamics simulations of the 13-residue antimicrobial peptide indolicidin (ILPWKWPWWPWRR-NH 2 ) in dodecylphosphocholine (DPC) and sodium dodecyl sulfate (SDS) micelles. In DPC, a persistent cation-π interaction between TRP11 and ARG13 defined the structure of the peptide near the interface. A transient cation-π interaction was also observed between TRP4 and the choline group on DPC lipids. We also implemented simulation of a mutant of indolicidin in the DPC micelle where TRP11 was replaced by ALA11. As a result of the mutation, the boat-shaped conformation is lost and the structure becomes significantly less defined. On the basis of this evidence, we argue that cation-π interactions determine the experimentally measured, well-defined boat-shaped structure of indolicidin. In SDS, the lack of such interactions and the electrostatic binding of the terminal arginine residues to the sulfate groups leads to an extended peptide structure. To the best of our knowledge, this is the first time that a cation-π interaction between peptide side chains has been shown to stabilize the structure of a small antimicrobial peptide. The simulations are in excellent agreement with available experimental measurements: the backbone of the peptide is more ordered in DPC than in SDS; the tryptophan side chains pack against the backbone in DPC and point away from the backbone in SDS; the rms fluctuation of the peptide backbone and peptide side chains is greater in SDS than in DPC; and the peptide backbone order parameters are higher in DPC than in SDS.
Introduction
Antimicrobial cationic peptides are host defense molecules produced by the innate immune system of organisms all across the evolutionary spectrum. Research in the area aims to reduce the toxicity of existing antimicrobial peptides (AMPs) for use as novel antibiotics in the clinic. Indolicidin (ILP WKW PWW PWR R-NH 2 ) is a 13-residue cationic cathelicidin peptide isolated from bovine neutrophils. 1 Indolicidin (IND) has activity against a variety of bacterial 1 and fungal 2 species but is also toxic to lymphocytes and erythrocytes. 3 IND has also been found to have anti-HIV properties. 4, 5 The high percentage of proline and tryptophan residues makes IND a unique AMP in terms of both its sequence and its structure. Unlike most other AMPs, the structure of IND is not a well-defined helix or a -turn near membrane interfaces. 6 Like most other cationic AMPs, IND was initially thought to kill cells by membrane permeation. 7 Falla et al. 7 showed that IND made discrete pores in planar supported bilayer, and Ladokhin et al. 8 showed that IND caused leakage from bilayer vesicles. However, the peptide concentrations used in the latter study are as high as 30 µM. Mellittin, in perspective, can cause leakage at concentrations are low as 2 µM. Leakage of bilayer vesicles was also observed by Schibli and co-workers 9 as well, although at a high peptide: lipid ratio of 1:10. Atomic force microscopy (AFM) images 10 of IND in mixed planar supported bilayers failed to detect pores, although IND did insert into the fluid-phase domains of zwitterionic lipids. Ha and coworkers 11 however, did observe formation of transient pores in purely anionic supported lipid bilayers. In FTIR-ATR experiments with planar supported anionic and zwitterionic bilayers, IND was found to be readily incorporated into the acyl chains of the lipids but did not cause any significant perturbation of the C-H stretching modes. 12 There is thus insufficient and contradictory evidence as to whether IND could kill bacterial cells solely by lysis of the plasma membrane at low concentrations of the peptide. On the other hand, there is an increasing amount of data which suggests that membrane insertion of IND is just a means to localize the peptide into the cytoplasm, where it may bind several other intracellular targets like DNA, 13, 14 Ca +2 -calmodulin, 15 and phospholipase A2 16 and thereby mediate cell death. In summary, it seems that although membrane insertion is essential for the antimicrobial activity of indolicidin, the peptide does not form stable pores in membranes and thus cell death is not caused by leakage of cellular contents alone, as in the case of most antimicrobial peptides. Translocation through the membrane remains essential to the microbicidal and toxic properties of IND. Thus, investigation of the modes of interaction of indolicidin with lipid membranes is very worthwhile.
Although various sequence analogues of IND have been synthesized and tested with the goal of attenuating toxicity and improving antimicrobial properties, 3, 5, [17] [18] [19] [20] [21] none of these efforts are based on its three-dimensional structural characteristics. This is mainly because information about the dynamic structure of IND near membranes has been debated and lacking for a long time and IND does not fit into the usual AMP structural paradigms of helices and turns. In 2000, Rozek et al. 6 described the structure of IND near dodecylphosphocholine (DPC) and sodium dodecyl sulfate (SDS) micelles. These structures were confirmed in independent investigations by Hsu et al. 14 The peptide structure was well defined for ∼70% of the residues in DPC. However, not much insight was obtained about the interactions of the peptide with the micellar lipids and the specific influence of the lipids on peptide structure. Furthermore, there are still no experimental measurements of the structure and localization of IND in lipid bilayers. Efforts to design better IND analogues are hampered by the lack of detailed information of peptide-membrane interactions.
From their NMR experiments, Rozek et al. suggested a welldefined amphipathic fold for IND, especially in DPC micelles. 6 The peptide was localized near the membrane interface and had an extended structure in both micelles. The central region composed of proline and tryptophan residues was well defined and interacted with the micellar interface. In DPC, the tryptophan residues of IND were neatly packed against the peptide backbone. In SDS, however, the tryptophan side chains were less defined and point away from the backbone. This is the most important difference in the structure of IND in DPC (which is zwitterionic) vs SDS (which is anionic). Experiments did not clearly reveal the determinants responsible for the different structures of IND in DPC and SDS micelles. Additionally, the experimental measurements do not provide a description of specific peptide-lipid interactions that drive the binding of the peptide to the micelles. In order to answer some of these questions, we implemented molecular dynamics simulations of the indolicidin peptide in a DPC and an SDS micelle. The simulations will provide a high-resolution, fully atomistic insight into the structure and dynamics of the peptide-micelle complex. This will not only help interpret experimental measurements of IND structure, but also aid the design of new rational analogues of indolicidin with improved microbicidal activity.
Methods
The starting coordinates of the DPC micelle-water complex were obtained from simulations carried out by Wymore et al. 22 This structure was obtained after extensive minimization and dynamics of about 1 ns in a cubic simulation cell. We placed the micelle consisting of 60 DPC molecules and 4377 waters in a cubic simulation box of cell size 56.15 Å. The cell dimensions were so setup to obtain the equilibrium bulk water density (0.033/Å 3 ) far away from the interface. Water was modeled using the TIP3P potential. 23 Five Na + and Cl -ions as 0.15 mM electrolyte were randomly distributed in the aqueous phase. In addition, four Cl -ions were added to keep the system electrostatically neutral. The initial structure of IND was obtained from the experimental measurements of Rozek et al. (pdb ids: 1G89 in DPC and 1G8C in SDS). 6 NMR experiments of IND suggest that the peptide preferred an interfacial position in the micelles. 6, 14 In the simulations, the peptide was initially placed in the simulation box with its center of mass coinciding with that of the micelle. Owing to the spherical symmetry of the micelle, the initial orientation of the peptide is unimportant. This starting configuration guarantees that there is no preferential bias toward the final interface-bound state of the peptide.
To prevent penetration of water into the micelle during equilibration and allow lipids to relax around the peptide, the peptide and bulk water were kept under weak harmonic constraints with spring constants of 10 and 5 kcal/mol Å, respectively. The constraints were gradually removed in 20 000 steps of minimization (steepest descent method). The entire system was then minimized for 20 000 more steps without any constraints. Thereafter, the system consisting of about ∼16 000 atoms was gradually heated to 303 K. The entire assembly was subjected to NPT dynamics at pressure P d 1 atm and temperature T d 303.15 K for 46 ns. The constant pressuretemperature module of CHARMM 24 was used for the simulation with a leapfrog integrator and a time step of 2 fs. The temperature was set at 303.15 K using a Hoover temperature control. 25 For the extended system pressure algorithm employed, all components of the piston mass array were set to 500 amu. 26 The electrostatic interactions were computed using the particle mesh Ewald (PME) summation 27 without truncation and a real space Gaussian width of 0.25 Å -1 , a -spline order of 4, and a FFT grid of about one point per Å. The nonbonded van der Waals interactions were smoothly switched off over a distance of 3.0 Å, between 9 and 12 Å. SHAKE was used to eliminate the fastest degrees of freedom involving bonds with hydrogen atoms. The simulation was carried out using CHARMM version c30b2 with the all atom param22 parameter set. We have shown earlier that unusual π helices are not formed with the param22 parameter set in peptide-micelle simulation setups. 28 Because the equilibrium steady state was reached after 30 ns (see later), ensemble average properties were calculated for the last 16 ns of the simulation. For calculation of most dynamical properties, trajectories were sampled every 10 ps.
The simulations in the SDS micelle were carried out as described in our previous work. 28 Standard protocols of nonbonded cutoffs, PME, and constraint-based equilibration were the same as for the DPC simulation. The simulation in SDS was run for 41 ns, and ensemble averages were drawn from the last 11 ns.
Simulation of the W11A Mutant in DPC. To confirm the structural importance of the TRP11-ARG13 interactions (see Results section), we implemented simulations of a W11A mutant in the DPC micelle. In this mutant TRP11 was replaced by ALA11. The initial coordinates of the peptide were the same as those used for the IND simulation in DPC. TRP11 was mutated to ALA11, and the structure was minimized in vacuum for 3000 steps, while keeping the backbone under weak harmonic constraints. The resulting structure was placed in the micelle-water complex, and the simulation was carried out for 50 ns using the same procedure as described above.
Results
Overall Peptide Location and Structure. As predicted by NMR, 6, 14 IND diffused to the interfacial region in both DPC and SDS. Diffusion occurred within 25 ns in DPC and in 12 ns in SDS (Figure 1 ). Diffusion was faster in SDS because of the electrostatic attraction of the cationic peptide to the anionic surface of the SDS micelle. Thereafter, the position of the peptide with respect to the center of mass of the micelle remained constant. Snapshots from the beginning and the end of the DPC simulations are shown in Figure 2 . The simulation was carried out for a total of 46 ns in DPC and 41 ns in SDS. All ensemble averages were calculated after the first 30 ns of simulation. A clustering algorithm of peptide backbone dihedral angles (φ,ψ) was implemented in order to check if new peptide conformations were observed in the production period. Time series of the peptide dihedral angles were obtained from different initial timepoints t ini in the trajectory. t ini was varied from t ini ) 0 to 36.0 ns with a 2 ns interval. Thus, each set of time series contained the dihedral angle values for the peptide for a trajectory window starting at time t ini, till the end of the simulation. Each set of time series was clustered using the ART-2 clustering algorithm in CHARMM. 29 The number of clusters thus obtained is a good measure of the number of different peptide conformations sampled during a trajectory window. No new clusters of dihedral angles were observed in the production period (>30 ns) in either DPC or SDS, thus indicating stabilization of peptide secondary structure at the interface and equilibration of the simulation. In Figure 3 the backbones from 10 simulation snapshots (taken every 50 ps for the last 5 ns of each simulation) have been aligned. Two things immediately become clear from these snapshots. First, there is significantly more fluctuation of the peptide structure in SDS compared to DPC. Second, the boat-shaped structure in DPC and the extended structure in SDS as deduced in the NMR measurements of Rozek et al. 6 and Hsu et al. 14 are both well reproduced in the simulations. These observations are quantitatively described in the following paragraphs.
For the DPC simulation, the average dihedral angles obtained in the simulation are compared to those obtained from all NMR models in Figure 4 . Although the absolute values of the (φ,ψ) angles from the simulations were quantitatively different from NMR data, they capture the key qualitative structural feature of the peptide: the boat-shaped amphipathic formation. However, in the simulation results, the turns which lead to the boat structure are slightly shifted toward the C terminus, leading to a slightly "skewed-boat"-type of structure ( Figure 3 ). We did not find any backbone-backbone H bonds in the simulation. The dihedral angles of the peptide in the simulations in SDS were similar to those obtained from NMR experiments (data not shown). More importantly, the extent of backbone order predicted by simulations matched experimentally measured order parameter profiles along the peptide backbone. An important difference in the structure of IND in DPC and SDS is that the peptide backbone is more ordered in DPC. Rozek et al. quantify this by using an order parameter as defined by Hyberts et al. 30 where N is the total number of structures and R i j is a 2D unit vector with phase equal to the dihedral angle R i . Here, i represents the residue number and j stands for the number of the calculated structure. The order parameter formulation clearly defines two limits of an exactly defined angle (S ) 1) and a completely random distribution of the angle (S ) 0). An easy way to calculate S from the simulations is to use the following semiempirical relationship between S and the standard deviation of the dihedral angle 30 where σ(R) is the standard deviation of angle R. In the NMR experiments, the backbone order parameters for angles (φ,ψ) are ∼1 for residues 3-11 in DPC. The backbone of IND in SDS was predicted to be less ordered compared to that in DPC. In the simulations, the average order parameters obtained for the ψ angle for residues 2-12 are 0.89 and 0.75 for DPC and 
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SDS, respectively (residue 1 was excluded from the average because it has a freely fluctuating N-terminal ψ dihedral). These values indicate that the simulations successfully captured the higher order of the peptide backbone in the DPC micelle. The order parameters for φ are comparable in the DPC and SDS simulations. Additionally, in both the DPC and SDS simulations, the order parameters for φ are calculated to be greater at the C terminus and N terminus compared to experiments. The average root-mean-square (rms) deviation of the backbone C-R atoms from the experimentally obtained structure was 3.4 Å in the case of SDS and 3.9 Å in the case of DPC. Thus, the overall structure of the peptide from the simulations does differ from the experimentally measured structure. The profile of the rms fluctuation from the average structure obtained from the simulations has been shown in Figure 5 . The backbone of the peptide deviated significantly more from the average conformation in SDS compared to DPC. This observation is in direct agreement with experiments, where the average rms deviation from the average structure was 0.31 and 0.49 Å in DPC and SDS, respectively. 6 The numbers are much lower in experiments because the averages were only calculated for residues 3-11 in DPC and residues 5-11 in SDS. Except for TRP4, all side chains of the peptide fluctuate more in SDS than in the DPC micelle. Again, this is in excellent agreement with experiments, where the average numbers are 0.98 and 1.52 Å in DPC and SDS. Remarkably, just like the simulations, experiments also predict a much higher uncertainty in the location and orientation of the tryptophan-4 residue in DPC micelles.
Orientation of the Tryptophan Side Chains. In NMR experiments in DPC, the tryptophan indole rings were found to be more ordered and packed against the backbone in an approximately parallel fashion. In SDS, on the other hand, the indole rings were extended away from the backbone. This was the main difference between the molecular shape of the peptide in DPC and SDS. 6 In order to quantify the orientation of the indole rings, we calculated the angle between the least-squares plane formed by the heavy atoms on the indole ring and the least-squares plane formed by the backbone heavy atoms of the peptide. For the indole rings at residues 4, 6, 8, and 9, the backbone heavy atoms of residues 3-10 were chosen to form the backbone plane. For residue 11, the backbone heavy atoms of residues 3-11 were chosen. The C-terminal and N-terminal backbone atoms were left out from the calculation because these parts of the backbone are not well defined in either micelle. The results of the calculation are presented in Figure 6 . The shorter error bars in DPC imply that the tryptophan indole rings were much more ordered in DPC than in SDS, in compliance with experiments. Furthermore, the angle between the planes was smaller in DPC than SDS at all positions except position 8. This observation is entirely consistent with experiments, where the indole ring at position 8 was observed to point away from the backbone in DPC. Notice, however, that the average orientation of the indole rings was not parallel to the backbone in DPC as predicted by experiments. The reason for this is not clear, but the cause might be the differences in the conformation of the backbone in the simulations and experiments. However, it is clear that the indole rings point further away from the backbone in SDS than in DPC, which agrees with experimental measurements. In the following section we propose that cation-π interactions lead to this topology of side chains in DPC.
Role of Individual Amino Acids: Cation-π Interactions. Cation-π interactions between the guanidium ion of arginine and the π-electron cloud from aromatic groups have been known to stabilize protein structures. 31 In the DPC micelle-peptide complex, intramolecular cation-π interactions may occur within the peptide, between the indole rings of the tryptophan residues and the positively charged side chains of LYS5, ARG12, and ARG13. Additionally, there is the possibility of formation of cation-π bonds of the tryptophan residues with the cationic choline group on the lipids of the DPC micelle.
In order to calculate cation-π interactions, two parameters were defined. D π-cat was defined as the distance between the planes of the cationic group and the planar group, and γ was defined as the angle between them. Cation-π interactions can have two conformations. In the planar conformation, the plane of the aromatic group and the plane of the cationic group stack against each other. For this conformation the γ angle fluctuates between 0-45°and 135-180°. In the T-shaped conformation, the two planes are perpendicular and the angle γ fluctuates between 45°and 145°. In either conformation the typical distance D π-cat is about 5 Å. 32 Figure 7a is an illustration of a stacked cation-π interaction.
In indolicidin there is a distinct possibility of formation of a cation-π bond between the indole rings of TRP9 and TRP11 and the guanidium ions of ARG12 and ARG13. Because the peptide has an extended structure, TRP4, TRP6, and TRP8 are too far from ARG12 or ARG13 to form cation-π interactions. Furthermore, no cation-π interaction was observed between LYS5 and any of the tryptophan residues. In DPC, the LYS5 side chain always points away from the micelle into the aqueous phase. Distance and angle analysis revealed formation of a single distinct planar cation-π interaction between TRP11 and ARG13 in the DPC micelle. For most of the production period (>30 ns) the angle γ fluctuated between 0°and 45°and the distance D π -cat stabilized at 5 Å (Figure 8 ). The simulation snapshot in Figure 7B shows the stacked geometry of the interaction. In the experimental structure of IND (which was used to start the simulations), the distance D π-cat was indeed 5 Å. As the peptide diffused to the micellar interface, the distance increased to about 12 Å. However, once the peptide equilibrated at the micellar interface, D π-cat again stabilized to 5 Å and the fluctuation in D π-cat progressively diminished with simulation time (Figure 8) .
During the ensemble averaging period of the simulation the interaction energy between the indole ring of TRP11 and the guanidium ion of ARG13 was calculated to be -14.83 ( 3.84 kcal/mol, of which the electrostatic component was -12.33 kcal/ mol. The TRP11-ARG13 cation-π binding is thus a favorable electrostatic interaction. In perspective, ab initio computational studies of the binding of single Na + cations to the π face of a naphthalene ring calculated the binding energy to be -32.6 kcal/ mol in the optimized geometry configuration. 33 Importantly, no such interaction was observed in the SDS micelle. In SDS, the cationic side chains on both arginine residues had a preference for the negatively charged sulfate moieties on SDS molecules and thus did not bind the indole rings of tryptophan. Radial distribution functions (rdfs) of the charged side chains with the sulfate headgroups confirmed this. The rdfs were drawn between the side chain heavy atoms of the amino acid residues and the heavy atoms on the headgroups of DPC and SDS lipids ( Figure 9 ). Because ARG13 was involved in the cation-π interaction in DPC, the ARG13 peak was lower than the ARG12 peak. In SDS, the height of these two peaks was comparable. However, ARG13 had a higher peak in SDS (0.075), compared to the peak in DPC (0.05) because in SDS ARG13 was bound strongly to the lipid headgroups and not to the indole ring of TRP11. In Figure 10 we attempted to give the reader an idea of the relative positions of the headgroups to residues TRP11 and ARG13 in both DPC and SDS. These observations from the simulations offer an interesting interpretation of experimental measurements. It is apparent that the cation-π interaction between TRP11 and ARG13 stabilizes the structure of the peptide in DPC and may also cause the bend at the C terminus. Evidence from the simulations suggests that the interaction is very persistent and would thus lead to stability in the structure of the peptide in DPC. In SDS, on the other hand, the cation-π bond is not formed within the peptide side chains. The indole rings on the tryptophans are thus free to adopt various conformations in space, thus leading to an overall less constrained structure of the peptide in the SDS micelle.
The possibility of formation of cation-π interactions between the peptide and micelle was also investigated. A distance matrix between tryptophan side chains and the choline headgroups of each DPC molecule was constructed. All TRP-DPC pairs, which had a distance below the cutoff value of 10 Å at any time during the simulation, were scanned for cation-π interactions using the distance and angle criteria described earlier. The only pair to satisfy the criteria of was TRP4-DPC14 pair (the DPC molecules were numbered arbitrarily). For one-half of the production period, the D π-cat distance between TRP4 and DPC14 was about 5 Å (Figure 11 ). The angle γ is not well defined for the DPC14-W4 pair because the choline group has a tetrahedral geometry. Nevertheless, to make the analysis complete, a least-squares plane which passes through the centroid of the choline group was calculated and γ defined as the angle between this plane and the plane of the guanidium. The angle fluctuated between 45°and 145°but does not necessarily indicate a T-shaped cation-π interaction because γ is ill defined. The distance D π-cat was more than 5 Å for about one-half of the sampling period (Figure 11 ), indicating that this cation-π interaction may be transitional. Nevertheless, there is a distinct possibility that the TRP4-DPC14 cation-π interaction may also stabilize the N-terminal bend of indolicidin near the DPC micelle.
Radial distribution functions of the tryptophan side chains with the micellar core revealed that in DPC, TRP8 and TRP9 penetrated deepest into the micelle (Figure 12 ). TRP11 did not penetrate as deep because it was involved in a cation-π interaction with ARG13. In SDS, on the other hand, TRP11 also penetrated into the micelle because there was no cation-π interaction. Interestingly, the rdfs indicate that TRP4 did not insert into the membrane core in either SDS or DPC. In DPC, this allowed the indole ring of DPC to form a cation-π interaction with a DPC headgroup choline moiety.
Results from the W11A Mutant Simulation. To further strengthen the argument that the TRP11-ARG13 cation-π interaction has a significant influence on the structure of the peptide in DPC, a simulation of the W11A mutant peptide was carried out in the DPC micelle. The W11A peptide diffused to the surface of the DPC micelle in ∼38 ns. The simulation was carried out for a further 12 ns for a total simulation time of 50 ns. Ensemble averages were drawn from the last 10 ns of the simulation. For the sake of brevity, we will only show data that directly compares the structural characteristics and conformational stability of W11A in DPC vs that of the stability of IND in the DPC and the SDS simulation. In Table 1 we summarized some average structural properties of the peptide in the three simulations. In general, the W11A mutation led to structural instability of the peptide in DPC. The following measurements provide adequate evidence that the TRP11-ARG13 cation-π interaction is critical for the well-defined amphipathic structure of the indolicidin peptide in DPC. (1) The average order parameters of the backbone dihedral angles were lower for W11A than for IND in DPC. (2) Although the average rmsf of the peptide backbone was only slightly higher for W11A than for IND, the average rmsf of residues 8-13 is significantly higher while the average rmsf of residues 1-5 is slightly lower in W11A than in IND. These data indicate that loss of the boatshaped structure of W11A in DPC is driven by a disordering of residues [8] [9] [10] [11] [12] [13] . (3) The orientation of the tryptophan side chains had a greater average fluctuation in W11A than for indolicidin in DPC. In this respect, the W11A peptide structure was similar to the structure of indolicidin in SDS. Like in SDS (Figure 6 ), the indole rings of TRP4, TRP8, and TRP9 were oriented away from the peptide backbone in W11A (data not shown).
In Figure 13 the backbone traces from 10 simulation snapshots (taken every 50 ps for the last 5 ns) of the W11A-DPC simulation have been aligned to the starting conformation. As described above, the W11A mutation led to significant disordering of the peptide C terminus. The well-defined bend at the C terminus, (and hence the boat-shaped structure), which was one of the hallmarks of the peptide structure in DPC, was thus lost in the W11A mutant. Furthermore, the average interaction energy between the ALA11 and ARG13 side chain was unfavorable: 1.33 ( 1.04 kcal/mol.
Discussion
Indolicidin is a fascinating antimicrobial peptide because of its novel tryptophan-rich sequence and because it lacks welldefined secondary structural elements. Despite its small length, its extended structure can span the width of the lipid bilayer and at high enough concentrations the peptide can cause leakage of the contents of large unilamellar vesicles. Deduction of the structure of IND in DPC and SDS micelles from NMR experiments 6 provided the basis for a detailed structural analysis of the possible mechanism of action of the peptide. However, the experiments did not elaborate upon the forces which drive folding of IND into specific, different structures in DPC and SDS. In the current work, we attempted to identify specific lipid-peptide and peptide-peptide interactions that lead to the folding of the peptide near the interface.
The key differences between the structure of IND in DPC and SDS are its better-defined shape and the greater order of the tryptophan side chains in DPC. Additionally, the relative orientation of the tryptophan side chains is different in DPC and SDS micelles. The following observations from the simulations agree with experimental measurements on all these counts.
(1) The order parameter of the backbone dihedral angles was smaller in SDS. (2) The backbone rms fluctuation from the average structure was higher in SDS. (3) The tryptophan side chains were oriented more parallel to the backbone in DPC compared to SDS. NMR measurements showed that TRP8 was an exception which was oriented away from the backbone in DPC. In the simulations too, TRP8 was oriented perpendicular to the backbone. (4) The fluctuation in the orientation of the tryptophan indole rings was higher in SDS.
The average root-mean-squared deviation of the simulated conformations from the native structure is not negligible: 3.9 Å in DPC and 3.4 Å in SDS. Additionally, the backbone dihedral angles for a few residues are significantly different, both in DPC and in SDS. Thus, there are appreciable quantitative differences in the simulated conformations and the peptide conformations predicted from experiments. However, even in the NMR experiments, 6,14 the peptide structure was well defined only for 69% of the residues (residues 3-11) in DPC and 53% of the residues (residues 5-11) in SDS. In light of the inherently high conformational freedom of the indolicidin peptide, the simulations have been remarkably successful in accurately reproducing several structural and dynamic features of the peptide as discussed in the previous paragraph. Moreover, the amphipathic structure of indolicidin in DPC and its extended structure in SDS are qualitatively very well reproduced in the simulations.
Importantly, the simulations were started with the peptide initially placed along a micelle diameter and still converged to the experimentally observed conformations of a surface-bound state. a Order parameters were averaged over residues 2-12. Figure 13 . Superimposition of simulation snapshots of the peptide backbone (thin lines) from the last 5 ns of the W11A simulation over the initial structure of the peptide used to start the simulation (thick line). The snapshots were taken every 0.5 ns. The N terminus and C terminus have been marked N and C, respectively. The initial structure for the simulation was obtained after backbone-restrained minimization of the pdb-derived structure of indolicidin in DPC. 
